This work deals with As determination in marine sediment using ultrasound for sample preparation. It is shown that As can be quantitatively extracted from marine sediment using 20% (v/v) HCl and sonication. The slurry is centrifuged and the analyte is determined in the supernatant by hydride generation atomic absorption spectrometry (HG AAS). A flow injection (FI) system is employed for hydride generation, with 0.5% (m/v) NaBH4 used as reducdant and a 20% (v/v) HCl used as sample carrier. The limit of quantification is 1.6 μg g -1 of As, which is based on 800 μl of sample solution and 0.200 g of sample mass in a volume of 50 mL. Certified and non certified marine sediment samples were analyzed; the results were in accordance with the certified or reference values. Speciation analysis by HPLC-ICP-MS showed that As(V) is the only detectable As species present in the supernatant of the centrifuged sample.
Introduction
Arsenic and most arsenic compounds have toxic properties. Exposure to them may occur industrially as well as through ambient air, tobacco smoke, water, food and beverages. In addition, considerable exposure may take place through the ingestion of certain drugs that are still in use in certain countries. Arsenic compounds are mainly used in agriculture and forestry, while smaller amounts are used in the glass and ceramics industry and as feed additives and drugs. Sediments can become substantially contaminated by arsenic from manmade sources. [1] [2] [3] Arsenic is mainly present in inorganic forms in the environment and these forms are generally more toxic than the organic forms. In addition, As(III) is more toxic than As(V). In surface waters, in the presence of dissolved oxygen, As(V) is predominant. However, under reducing conditions, particularly in deep well water, As(III) may be present. Processes that influence the cycling of arsenic in aquatic environment distribution are similar to those influencing the element distribution in sediments. 4 Although speciation of arsenic is desirable and is a topical matter for analysts, 5, 6 the determination of total arsenic is useful as a first approach, in many cases for screening purposes. In these terms, straightforward analytical methods for the determination of arsenic are needed. Usually, most analytical methods for total arsenic determination involve acid digestion of the sample. The resulting acid solution is then analyzed, by several instrumental techniques, hydride generation atomic absorption spectroscopy (HG AAS) being one of the most popular. Other usual alternative techniques are inductively coupled plasma atomic emission spectrometry (ICP OES) and inductively coupled plasma mass spectrometry (ICP-MS). The sensitivity of ICP OES is, however, relatively poor; in the case of ICP-MS, interference of Cl occurs due to ArCl + formation, if Cl is present in the sample and a low resolution spectrometer is used. In both cases, the coupling of a hydride generation system is recommended with the intention of improving the sensitivity or overcoming matrix interferences.
Another sample treatment, not so frequently used for total arsenic determination, involves a slurry of the sample, which is directly analyzed. 7, 8 However, when a flow injection (FI) system is used for arsenic hydride generation, particles deposits in the tubing and other parts of the system may hinder the analysis. In addition, standard addition calibration may be necessary due to matrix interference.
Several authors have demonstrated that ultrasound assisted leaching is an alternative sample pretreatment procedure, which may be a more simple way of extracting a number of species from different types of samples. [9] [10] [11] [12] The mechanisms of sonochemical action are due to thermal, chemical, and physical effects. 13, 14 Briefly, ultrasound will cause cavitation (formation, growth and implosive collapse bubbles) in water leading to high localized temperatures and pressures, which induce chemical reactions. When solid particles exist in the vicinity of cavitation bubbles, bubble collapsing may occur symmetrically or asymmetrically depending on the proximity and size of the solids. Symmetric cavitation generates shock waves which result in particle-particle collisions and cause extremely turbulent flow at the liquid/solid interface, referred to as microstreaming. 14 Asymmetric collapsing leads to the formation of micro jets of solvent that bombard the solid surface, resulting in pitting and erosion. The combination of all sonication effects promotes the analyte releasing from solid particles.
It is well recognized that the sample pretreatment step is normally more time-consuming and cumbersome than the measurement itself. This reality has led researchers to pursue faster and simpler alternatives of sample treatment, particularly for routine analysis. Though works dealing with ultrasoundbased extraction and arsenic hydride generation have already been published, no method using ultrasound for routine determination of arsenic in marine sediment has been reported. The aim of the present work was to develop a straightforward method for arsenic determination in marine sediment with the purpose of routine application. Focused ultrasound (transmitted from an ultrasonic probe) is tested for this purpose; the inherent difficulties associated with the oxidation state of inorganic arsenic species in hydride generation are evaluated through type and acid concentration as well as reductant concentration. The influence of ultrasound on arsenic reduction/oxidation was qualitatively investigated by HPLC-ICP-MS.
Experimental

Instrumentation
An atomic absorption spectrometer (AnalytikJena AG, Vario 6, Germany) equipped with a heated quartz cell furnace (HS5) and deuterium lamp background correction was used. The quartz cell was kept at 900˚C during operation. An arsenic hollow-cathode lamp operated at 10 mA was used as a radiation source. The 193.7 nm arsenic line and a slit width of 0.8 nm were used throughout the work. All measurements were fulfilled using integrated absorbance. The FI system to generate As hydrides as well as the gas/liquid separator was constructed in our own laboratory. The gas/liquid separator was a "U" tube type (9 cm long and 1.0 cm i.d., made of borosilicate glass) as shown in Fig. 1 . The FI system consists of a manual injection valve (commutator) and an eight channel peristaltic pump (Gilson, Minipuls 3, France).
The overall system is interconnected through PTFE tubing (i.d. 0.8 mm) and Tygon tubing is used for solution propulsion. The FI-HG AAS coupling scheme is shown in Fig. 1 .
An ultrasonic processor (Unique, Brazil; 100 W, 20 kHz) equipped with a 4-mm diameter titanium tip was used. Ultrasonic vibration at the probe tip was fixed at any desired amplitude level using a power setting in the 20 to 100% range. The time of sonication was increased in steps of 5 s each of the intended period.
An ICP-MS spectrometer from PerkinElmer-SCIEX (ELAN ® DRC II) equipped with a concentric nebulizer (Meinhard ® ), a cyclonic spray chamber (Glass Expansion, Inc.) and a quartz torch with a quartz injector tube (2 mm i.d.) was used as detector for the liquid chromatograph (LC). Arsenic species were separated by using a high performance liquid chromatography system that was coupled directly to the nebulizer of the ICP-MS spectrometer, operated in the standard mode. The chromatograph was a commercial device from PerkinElmer, which consists of a high pressure pump (Model 
Reagents and chemicals
Ultra pure water (resisitivity of 18.2 MΩ cm -1 ) obtained from a Milli-Q ® purifier system (Millipore Corp., Bedford, USA) was used for solution preparations.
Sodium tetrahydroborate (NaBH4) from Vetec (Brazil), As(III) and As(V) Titrisol ® (Merck, Darmstadt, Germany) stock solutions (1000 mg l -1 ), sodium hydroxide (NaOH), hydrochloric acid (HCl) and nitric acid (HNO3) from Merck were used. These acids were purified by means of subboiling distillation for analytical purposes (a Milestone duoPUR ® 2.01E device was used). The NaBH4 solutions were prepared fresh daily by dissolving the reagent in 0.03% (m/v) NaOH solution. Calibration solutions ranging from 5.0 to 50.0 μg l -1 of As(III) or As(V) were prepared in 10% (v/v) HCl or 10% (v/v) HNO3, by serial dilution of the stock solutions. The type of acid as well as its concentration in calibration solutions were matched with that of the sample solution (supernatant obtained after centrifugation). The mobile phase used in HPLC was prepared by the dissolution of (NH4)2CO3 (Merck) in water. The pH of this solution was adjusted to 8.5 by HNO3 addition.
Samples
The certified marine sediment samples PACS-2 and MESS-3 from NRCC (National Research Council of Canada) and real marine sediment samples from Campos Basin Rio de Janeiro/Brazil were analyzed. These samples were named as A1, A2, A3, A4 and A5; they were collected and prepared as described elsewhere. 15 Particles size of all samples was ≤ 120 μm, which was checked by passing them through nylon sieves. The reference samples were dried according to procedures given on the certificates; the moisture was determined and corrected in order to obtain the real sample mass.
Procedure
In order to minimize sample contamination, we properly cleaned all glassware and materials used (filled up with 30% (v/v) HNO3 solution and left to stand for 24 h, followed by water washing and then drying at ambient temperature in a clean environment).
Given the concentration of arsenic, a sample mass ranging from 50 to 500 mg was weighed and transferred to a screwcapped 50 ml polypropylene volumetric flask. Next, acid (HCl or HNO3) was added, the mixture was allowed to stand for a few minutes and then the volume was completed to 40 ml with water. The amount of acid added to the sediment was varied depending on the desired final acid concentration. The attained slurry was sonicated by using an ultrasound probe, which was inserted into the flask. After the sonication procedure, the flask volume was completed to 50 ml and the slurry centrifuged during 2 min at 2700 rpm in order to avoid particle sample deposits in the tubing and on the injection valve of the FI system, as well as matrix interference. Arsenic was directly determined in the supernatant. Whenever the sample solution ); R, NaBH4 (1.5 ml min -1 ); I, sample injection point (800 μl); Ar, carrier gas (50 ml min -1 ); W, waste.
(supernatant) was diluted, the type and acid concentration in the calibration solutions and in the sample solution were matched.
For the experiments carried out by HPLC-ICP-MS, As(III), As(V) and blank solutions were prepared in the same way as the sediment samples. After sonication in 30% (v/v) HNO3 and centrifuging, the solution was 10 fold diluted with water and the pH adjusted to 7.0 by dropping NH4OH. Then the final solution was injected in the chromatograph.
Results and Discussion
Method development
Preliminary studies were made with respect to the reductant (NaBH4) and acid concentration for As hydride generation. Hydrochloric acid was firstly chosen due to its reductant property, which favors hydride generation. Firstly, 10% (v/v) HCl was used as sample carrier of As(III) or As(V) in 20% (v/v) HCl, while the concentration of NaBH4 was varied. According to Fig. 2 , the highest absorbance values of As(III) and As(V) were obtained at NaBH4 concentration around 1.0% (m/v). However, at this condition, the As(III) absorbance was about 20% higher than that of As(V) (this behavior was typically observed from 0.5% (m/v) NaBH4 onward). Therefore, in order to overcome the different responses of As(III) and As(V), we chose the 0.5% (m/v) NaBH4 concentration. At this condition it was also concluded that reduction of As(V) to As(III) would not be necessary. 16 Subsequently, the influence of HCl concentration in the sample solution was investigated. According to Fig. 3 , the highest signals of both arsenic species are found in the presence of 30% (v/v) HCl. However, it is observed that As(III) and As(V) signals are quite similar when the HCl concentration is between 10 and 20% (v/v). Thus, the HCl concentration for arsenic leaching was fixed at 20% (v/v). In addition, it was further observed that arsenic could be quantitatively leached from marine sediment by using this acid solution, as was true for sonication.
After the aforementioned studies, the arsenic leaching from marine sediment (PACS-2) was studied. The sonication time is one of the crucial parameters for a rapid extraction method, since the duration of the sonication step is dependent on the nature of the sample matrix. Ultrasound-assisted leaching is also strongly affected by the type of the extracting solution and its concentration, in addition to sample particle size, all of which need to be controlled. Based on a previous work, 9 the influences of the time of sonication and the acid concentration were investigated. As shown in Figs. 4 and 5, 80 W and 30 s are appropriate for quantitative As recovery. Therefore, these conditions were established for further investigations in the present work. Figure 5 also indicates that sonication promotes good accuracy (arsenic recovery about 100%). Additionally, while short periods of sonication are feasible, longer sonication periods promote arsenic signal decrease. It has been reported that irradiation can induce production of oxidizing species. 17, 18 1099 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 Moreover, the high local temperatures and pressures obtained by focused ultrasound, combined with extraordinarily rapid cooling, provide a unique means for driving chemical reactions. 14 Therefore, it was supposed that the signal decreases at higher ultrasonic power and higher sonication times that are observed in Figs. 4 and 5 might be due to arsenic reaction with species formed by the action of sonication, producing volatile (AsH3) 17 or insoluble arsenic species. In order to verify if volatile arsenic species were produced during sonication, we connected the flask containing the sample to another one filled with 5% (v/v) HNO3. Argon was passed throughout the sample slurry during sonication and trapped into the HNO3 solution. However, As was not detected in this solution, revealing that volatile arsenic species were not produced. Besides, as will be shown latter through HPLC-ICP-MS texts, an unique signal of arsenic is observed for the sample, thereby indicating there are no interconversions among soluble and detectable arsenic species. It is expected that coexisting metals (mainly Fe, Ni and Cu) that often interfere with the arsenic hydride generation can be widely extracted at longer sonication periods. Although the concentrations of interfering metals in the extracts were in the range of μg l -1 , that of Fe was mg l -1 range. 15 Therefore, interference caused by Fe on arsenic hydride generation was possible. However, considering the complexity of the sample solution as well as the ultrasound effects, it is difficult to state precisely the reason of the arsenic signal decreasing observed in Figs. 4 and 5 .
Regarding to the time of sonication needed for quantitative arsenic leaching, the results found in the present work are in reasonable agreement with others already reported. 19, 20 For example, Huerga et al. 19 observed that the optimum extraction time of arsenic from river sediment was 60 s by using phosphate buffer to extract the analyte. In the present work, previous addition of concentrated HCl and sonication in 20% (v/v) HCl may have shortened the period of sonication.
Further investigations were made with respect to type of acid and concentration of acid for arsenic leaching. In Fig. 6 we can observe quantitative recoveries of arsenic if HCl is used as extractant; its concentration ranges from 20 to 30% (v/v). On the other hand, arsenic recovery is not quantitative in HNO3 up to 30% (v/v). Higher HNO3 concentration was not tested because we wanted to avoid damaging the tip of the probe used for sonication. Moreover, arsenic hydride generation would be more difficult in a highly oxidant medium. According to the results shown above, the optimized parameters are those collected in Table 1 .
Figures of merit and analysis of real samples
The main characteristics of the developed method are summarized in Table 2 . The limit of detection (LOD) was defined as the arsenic concentration equivalent to three times the standard deviation (3s) of ten consecutive sample blank runs. The limit of quantification (LOQ) was calculated from the standard deviation (s) of 10 consecutive runs of the sample blank solution, taking into account the sample mass (0.200 g) and the final slurry dilution (50 ml). It is worth citing that the LOQ may be improved with the increasing of sample mass or decreasing slurry dilution. The relative standard deviation (RSD), typically lower than 5%, is for 10 consecutive runs of marine sediment solution (supernatant of the slurry). Finally, arsenic in marine sediment was determined. The attained results were in good agreement with certified or reference values, as shown in Table 3 .
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Especiation analysis by HPLC-ICP-MS
Qualitative analysis by HPLC-ICP-MS was made in order to find which arsenic species were present in the sample solution after sonication. Unfortunately, HCl could not be employed in this experiment because of Cl interference (isobaric interference caused by 40 Ar 35 Cl + on 75 As + ). The same sonication conditions as used for As determination by HG-AAS were used, excepting the extraction medium. In the investigation by HPLC-ICP-MS, HNO3 was used as extractant. The attained profiles are shown in Fig. 7 . The peak that appears between 0 and 3 s could not be identified. However, this peak is also present in the blank and it is not related with the sample or the standards. According to the marine sediment profile (PACS-2), As(V) is the only arsenic species present in the supernatant after sonication. Standard solutions of As(III) and As(V) were also analyzed and, according to Fig. 7 , As(V) was not transformed into another detectable species during sonication. On the other hand, part of As(III) is oxidized to As(V), which is not observed for the sample. In order to assure that the As(III) solution was not contaminated with As(V), we injected non-sonicated As(III) solution. The presence of As(V) was not detected (profile not shown in Fig. 7) .
The qualitative results obtained by HPLC-ICP-MS agreed with the quantitative arsenic recovery obtained by FI-HG AAS, which means that arsenic is only converted to inorganic species. Organic arsenic species would not be detected by HG AAS under the conditions of the present method, and consequently the analyte recovery would not be quantitative.
Conclusion
It was demonstrated that quantitative arsenic determination in marine sediment is possible using sonication and HCl for analyte extraction. Arsenic is quantitatively leached from the sediment and then the slurry can be centrifuged and the analyte determined in the supernatant, reducing matrix interference. Moreover, matrix matching or calibration by standard addition is not necessary. The proposed method is relatively simple and the sample preparation is easy for routine application. However, it was observed that arsenic recovery is not quantitative if HNO3 is used as extracting medium. Analysis by HPLC-ICP-MS revealed that As(V) was the only detectable As species present in marine sediment, which was not transformed into another species within the period needed for quantitative arsenic recovery.
